Room temperature catalytic oxidation by noble metals is considered to be the most promising strategy for the removal of HCHO, which is one of the major indoor air pollutants. Hierarchically macro-mesoporous structured Pt/c-Al 2 O 3 hollow spheres with open and accessible pores were synthesized and used for catalytic oxidative decomposition of HCHO at room temperature. The prepared composite hollow spheres showed higher catalytic activity than the conventional nanoparticle supports, which is mainly due to their hierarchical macro-mesoporous structure facilitating diffusion of reactants and products, and the high dispersion of accessible catalytic Pt nanoparticles. This work may contribute to the development of hierarchically structured materials and high-performance catalysts for indoor air purification and related catalytic processes. . Room temperature catalytic oxidative decomposition of HCHO to CO 2 and H 2 O is considered to be the most promising strategy for the removal of HCHO because this process is environmentally friendly and energy saving [3] [4] [5] . It overcomes disadvantages associated with relatively short lifetime of adsorbents 6,7 and additional instrumentation and operating costs of hightemperature thermal catalytic oxidation 8 and photocatalytic oxidation 9 . In the case of catalytic oxidation, a variety of supported noble metals like Pt, Pd, and Au 3,4,10,11 were used as catalysts for HCHO oxidation. Among them, the Pt-supported catalysts exhibited higher catalytic performance for decomposition of HCHO even at room temperatures. For instance, HCHO can be completely oxidized into CO 2 and H 2 O on Pt/TiO 2 catalysts at room temperature 3, 4, [12] [13] [14] [15] . However, the catalytic activity of Pt-supported catalysts must be further enhanced from the view point of practical use and commerce.
F ormaldehyde (HCHO) is one of the major indoor air pollutants and a long-term exposure to HCHO may cause health problems such as nasal tumors and skin irritation 1, 2 . Room temperature catalytic oxidative decomposition of HCHO to CO 2 and H 2 O is considered to be the most promising strategy for the removal of HCHO because this process is environmentally friendly and energy saving [3] [4] [5] . It overcomes disadvantages associated with relatively short lifetime of adsorbents 6, 7 and additional instrumentation and operating costs of hightemperature thermal catalytic oxidation 8 and photocatalytic oxidation 9 . In the case of catalytic oxidation, a variety of supported noble metals like Pt, Pd, and Au 3,4,10,11 were used as catalysts for HCHO oxidation. Among them, the Pt-supported catalysts exhibited higher catalytic performance for decomposition of HCHO even at room temperatures. For instance, HCHO can be completely oxidized into CO 2 and H 2 O on Pt/TiO 2 catalysts at room temperature 3, 4, [12] [13] [14] [15] . However, the catalytic activity of Pt-supported catalysts must be further enhanced from the view point of practical use and commerce.
The morphology and structure of supports affect significantly the catalytic performance of supported catalysts. Recently, the fabrication of hierarchically macro-mesoporous materials [16] [17] [18] [19] and hollow spheres [20] [21] [22] [23] [24] has received considerable attention because of both fundamental studies and practical applications. The materials with hierarchically macro-mesoporous structures are of great interest as potential catalyst supports, catalysts and sorbents, which is due to their large specific surface area and, more important, their texture mesopores and intrinsic interconnected macropore network being able to efficiently transport guest species to framework catalytic sites 18 . In addition, inorganic materials with hollow spherical structure show several advantages such as high mobility, good surface permeability, large specific area and low density 20 . So, inorganic hollow spheres with hierarchically macro-mesoporous structures are good candidates for catalyst supports. However, to date, the supported Pt catalysts for HCHO oxidation were usually synthesized using nanopartcles (NPs) as supports (such as: TiO 2 , CeO 2 -MnO 2 , Fe 2 O 3 , et al.) 3, 4, 12, 13 . c-Al 2 O 3 is an important industrial material that is widely used for preparation of catalyst supports, catalysts, adsorbents, ceramics, abrasives and filters [25] [26] [27] , many of which depend on morphological characteristics such as particle/pore size, shape, and structure. Moreover, Pt/c-Al 2 O 3 catalysts were usually synthesized using c-Al 2 O 3 as support, and widely used for CO oxidation 28 , ring-opening reaction of cyclopentane 29 , hydrogen generation 30 , and selective hydrogenation of styrene 31 , diesel oxidation 32 , and so on. However, hierarchically macro-mesoporous Pt/ OPEN SUBJECT AREAS: POROUS MATERIALS CATALYST SYNTHESIS Al 2 O 3 /composite microspheres have not been reported yet and used for oxidative decomposition of HCHO. The aim of this study was to further improve the catalytic activity of Pt catalyst in oxidative decomposition of HCHO by using hierarchically macro-mesoporous structured c-Al 2 O 3 hollow spheres (HAO) synthesized by a facile chemically induced self-transformation method, and then to prepare HAO materials as supports for Pt catalyst. It is shown that the resulting Pt/HAO composite catalyst (PHAO) exhibited a surprising remarkable catalytic performance towards HCHO oxidative decomposition at room temperature.
HAO support was prepared by the chemically induced self-transformation method in water using potassium aluminum sulfate and urea as the precursors at 170uC for 3 h 21 . Then, the PHAO sample was synthesized via impregnation of the as-prepared HAO with Pt precursor and NaBH 4 -reducing agent. For the purpose of comparison, commercial TiO 2 (P25, Degussa, Germany), commercial c-Al 2 O 3 (AO) and c-Al 2 O 3 nanosheets (HAO was milled by a planetary ball mill, HAO-BM) were used as supports of Pt catalyst to obtain the Pt/TiO 2 (PTO), Pt/commercial c-Al 2 O 3 (PAO) and Pt/cAl 2 O 3 nanosheet (PHAO-BM) catalysts with the same Pt deposition process as in the case of PHAO. The nominal weight ratio of Pt to support was fixed to 0.5 wt% and the basic parameters are shown in Table 1 .
Results

XRD analysis.
The XRD patterns of the HAO and PHAO samples are presented in Supplementary Fig. S1 , indicating that the phase structure of the Al 2 O 3 sample is gamma phase (JCPDS, No. 10-0425); in the case of these samples the position and height of Al 2 O 3 diffraction peaks did not change before and after Pt deposition. Further observation indicates that no XRD diffraction peaks of Pt are observed in the PHAO sample due to its low loading (0.5 wt%), small particle size, and good dispersion 3, 33 .
SEM and TEM analysis. The morphology and microstructure of the HAO and PHAO samples were studied by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and highresolution transmission electron microscopy (HRTEM) ( Fig. 1 and Supplementary Fig. S2 ). SEM images indicate that the prepared PHAO and HAO samples are hierarchical microspheres (Fig. 1a and Supplementary Fig. S2a ), and their particle size is about 4-6 mm. TEM (Fig. 1b and Supplementary Fig. S2b ) images reveal that the thickness of the shell wall is about 700-900 nm, and that the external surface of the spheres consisted of randomly aggregated and interconnected 10 nm-thick nanoplatelets (inset of Fig. 1a) ; consequently, the resulting microspheres were highly disordered porous superstructures with highly rough outer surface. A comparison of TEM images (Fig. 1b and Supplementary Fig. S2b ) of the PHAO and HAO samples shows that the deposition of Pt did not change the morphology of the PHAO sample, which remained as a hollow spherical structure. High-magnification TEM image (Fig. 1c) further indicates that PHAO is composed of a large amount of nanosheets with the width of ca. 80-100 nm and thickness of about 10 nm, and many small Pt NPs with size of ca. 2-3 nm (marked by arrows in Fig. 1c ) are evenly deposited on the surface of nanosheets. HRTEM image (Fig. 1d) shows that the lattice spacing in white circle is ca. 0.224 nm, consistent with the lattice spacing of (111) planes of metallic Pt NPs, confirming that the black small particles are Pt NPs 34 . N 2 sorption analysis. The porous structure and texture of the shells observed by SEM and TEM were further elucidated by N 2 sorption analysis. Nitrogen adsorption-desorption isotherms and the corresponding pore-size distribution curves for the HAO and PHAO samples are shown in Supplementary Fig. S3 and its inset, respectively. Nitrogen adsorption-desorption isotherms for above two samples are of type IV according to International Union of Pure and Applied Chemistry (IUPAC) classification 35 , indicating the existence of mesopores. The adsorption branches of two isotherms resemble type II, suggesting the presence of macropores. The shape of hysteresis loops resembles type H3 at high relative pressure (P/P 0 ) range of 0.5-1.0, indicating the presence of slit-like pores. The isotherms show high adsorption values at relative pressures approaching 1.0, which is typical for materials with large mesopores and macropores 36 . As compared to HAO, there is a little decrease in the amount of adsorbed N 2 on PHAO at high relative pressures, 0.9-1.0, implying the smaller pore volume for the later. The pore-size distribution curves (inset in Supplementary Fig. S3 ) calculated from the adsorption branches of the nitrogen isotherms by the BJH method are quite broad and multimodal with smaller mesopores (peak pore at ca. 2.0 nm) and larger pores with diameters of about 50 nm for HAO and 60 nm for PHAO, respectively. The smaller mesopores reflect pores present within nanosheets, while larger mesopores are formed between stacked nanosheets. N 2 adsorption-desorption isotherms do not provide information about macropores with sizes larger than 100 nm. Therefore, the macroporous structure of the HAO and PHAO samples was observed directly by SEM and TEM. The as-prepared HAO sample exhibited a great amount of open slitlike pores with outer pore diameters of 200-600 nm in the shell wall of hollow spheres and a cavity with diameter of 3-5 mm (Supplementary Fig. S2 ). After deposition of Pt NPs the macroporous structures were well preserved, and the pore size and shape did not show a visible change (Fig. 1a, b) . These open macroporous channels may serve as ideal gas-transport routes for gas molecules into the interior space of alumina. Furthermore, a small decrease in the pore volume of PHAO is observed as compared to HAO. The BET surface area (S BET ), pore volume (V pore ) and pore size (d pore ) of the HAO and PHAO samples are listed in Table 1 , indicating a slight decrease of the specific surface area and pore volume of the PHAO sample after Pt deposition as compared to the HAO sample; however, no visible difference is observed in the pore size distributions. The observed reduction in the specific surface area and pore volume of the PHAO catalyst was probably caused by two reasons: (i) , gamma); note that the specific surface area is expressed per gram of the sample; (ii) Pt NPs and Na 1 from NaBH 4 and NaOH can cover the surface of Al 2 O 3 and partially block pores that leads to the observed decrease in the surface area and pore volume 3 . The large mesopores and macropores of the PHAO sample are expected to benefit the diffusion of the reactants and products during the oxidation of HCHO 3, 37 .
XPS analysis. The chemical state of atoms in the prepared samples was investigated by X-ray photoelectron spectroscopy (XPS). The high-resolution XPS spectra of Pt4f, Al2p and O1s regions for the PHAO and HAO samples are shown in Fig. 2 and Supplementary  Fig. S4 . As shown in Fig. 2a , two peaks located at 71.5 and 74.8 eV are observed for the PHAO sample, which can be assigned to Pt4f 7/2 of metallic Pt 3, 38, 39 and Al2p of c-Al 2 O 3 [39] [40] [41] , respectively. However, the Pt4f 5/2 peak of metallic Pt is not observed, which is due to the weak peak of Pt4f 5/2 (at 74.3 eV) overlapped by the strong peak of Al2p (at 74.8 eV) of c-Al 2 O 3 . However, only one peak for Al2p of the HAO sample can be observed in Fig. 2b . The results further demonstrate Pt NPs were deposited on the surface of c-Al 2 O 3 .
High-resolution XPS spectrum of O 1s is shown in Supplementary  Fig. S4 . Two fitted peaks located at 531.7 and 532.8 eV are observed for the PHAO and HAO samples, which can be assigned to the lattice oxygen (O 1s) of Al 2 O 3 and the oxygen of the surface hydroxyl (OH) groups, respectively 42, 43 . It is notable that the existence of surface hydroxyls near to Pt NPs is beneficial for the oxidation of HCHO 3 .
FTIR spectrum analysis. To further confirm the existence of surface hydroxyl groups, the FTIR spectra of the PHAO and HAO samples were investigated. As shown in Supplementary Fig. S5 , the FTIR spectrum of the PHAO sample is similar to that of the HAO sample. The broad and intense vibration bands at 3449 cm 21 is associated with the stretching vibrations of the surface-adsorbed water and hydroxyl groups, while those at 1628 cm 21 are associated with their bending mode, confirming the existence of surface hydroxyl groups and adsorbed water. The strong and broad bands at 450-1000 cm 21 are associated with the special vibration of aluminium oxide 44 .
Catalytic performance. The catalytic performance of the PHAO, PAO, PTO and PHAO-BM catalysts towards HCHO oxidation is shown in Fig. 3 . As can be seen from this figure, the HCHO concentration (shown in Fig. 3a ) decreased with increasing reaction time, and accordingly, the CO 2 concentration (shown in Fig. 3b ) increased, indicating that the oxidation of HCHO into CO 2 and H 2 O occurred. Also, it is noteworthy that the rates of the HCHO concentration decrease and the CO 2 concentration increase in these catalytic systems are different, indicating their different catalytic activity towards HCHO oxidation. Among the PHAO, PAO and PTO samples, when PHAO catalyst was used for HCHO oxidation, the rates of the HCHO concentration decrease and the corresponding CO 2 concentration increase are highest, indicating PHAO is the most active catalyst towards HCHO oxidation. Especially in the first 12 min, CO 2 concentration increases much faster in the presence of the PHAO sample than in the case of PAO and PTO, implying that more CO 2 was produced and CO 2 desorbs more easily and escapes from the surface of PHAO. The observed larger increase in the CO 2 concentration (about 331 ppm in 60 min) than that corresponding to the decrease in the HCHO concentration (about 155 ppm in 60 min) for the PHAO sample is due to the oxidation of some HCHO molecules desorbed from the reactor surface to CO 2 during experiment.
The stability of catalysts is also very important in their applications. The stability of PHAO in oxidative decomposition of HCHO at the room temperature was evaluated by conducting the experiment eight times on the recycled PHAO and the results are shown in Figure  S6 . The oxidation rate of HCHO shown in Figure S6a and the generation rate of CO 2 shown in Figure S6b over PHAO for eight repeated cycles do not show an obvious decline as compared to those obtained in the first-cycle, indicating that the PHAO catalyst can maintain a stable and efficient catalytic performance.
Discussion
Why the PHAO sample exhibits higher catalytic activity than PAO and PTO? The results of SEM, TEM, HRTEM and adsorption analysis show that the PHAO sample is in the form of hierarchically macro-mesoporous structured hollow spheres composed of a large amount of nanosheets. Such hierarchically structured PHAO sample has higher surface area and larger pore volume than the PAO and PTO samples (see Table 1 ). The H 2 chemisorption data indicate the Pt dispersion on the PHAO surface is 74.4% (see Table 1 ), which is much higher than that (29.2 and 40.3%) of the PAO and PTO samples, implying that such hierarchical structure is favorable for the deposition of highly disperse Pt NPs. The highly dispersed Pt NPs (ca. 2-3 nm) are also directly observed by TEM (Fig. 1c) . On the other hand, such a special hierarchical macro-mesoporous structured hollow spheres composed of a large amount of nanosheets not only provide a high surface area for Pt NPs but also facilitate the transport of reactants and products by minimizing the diffusion resistance 18, 45 . In a typical gas-solid catalysis reaction, seven steps are necessary: (1) external diffusion of reactants, (2) internal diffusion of reactants, (3) adsorption of reactants on the surface of catalyst, (4) surface reaction and the formation of products, (5) desorption of products from the surface of catalyst, (6) internal diffusion of products and (7) external diffusion of products. In the oxidation of HCHO, besides the thermodynamic factors, dynamic conditions are important for activity of catalysts. The hierarchically macromesoporous structure of the PHAO sample facilitates fast diffusion and transport of reactants and products (see Fig. 4a, b) and therefore, better dynamic conditions exist for HCHO oxidation reaction. So, the PHAO sample exhibits higher catalytic activity than the PAO and PTO samples mainly due to hierarchically macro-mesoporous structure facilitating fast diffusion and transport of reactants and products, and due to high Pt dispersion resulting in higher concentration of catalytic active sites. Why was higher dispersion of Pt NPs achieved on HAO than on AO support? One possible explanation is that Pt NPs can be uniformly deposited on the interior and outer surface of HAO due to its hierarchical macro-mesoporous structure. In contrast, in the case of AO, Pt NPs are mainly deposited on its outer surface due to the lack of hierarchical macro-mesoporous structure.
In order to further confirm the above discussion, the HAO support was milled in a planetary ball mill to obtain the HAO-BM support and then Pt NPs were deposited onto the HAO-BM support to obtain the PHAO-BM sample. The morphology of the PHAO-BM sample is shown in Supplementary Fig. S7 . The TEM image of this sample shows only a lot of overlapped nanosheets, while hollow spheres of c-Al 2 O 3 are not observed, indicating that the hierarchically hollow spheres were destroyed during the ball-milling process; also, some ca. 5-10 nm and one 30 nm aggregated Pt NP are observed in Supplementary Fig. S7a image, implying the size of Pt NPs on the PHAO-BM sample becomes larger and Pt dispersion becomes broaden after ball milling in comparison to the PHAO sample. This is easy to understand because the nucleation surface area of the PHAO-BM sample for Pt NPs decreases, which results in the growth and aggregation of Pt NPs. The Pt dispersion calculated from H 2 chemisorption data further confirms the above analysis. The Pt dispersion of PHAO-BM was only 29.3%, which is significantly smaller than that of PHAO (74.4%). The catalytic performance of the PHAO-BM sample towards HCHO oxidation is also shown in Fig. 3 . For this sample, the rates of the HCHO concentration decrease and the corresponding CO 2 concentration increase are much lower than those for the PHAO sample, indicating that the catalytic activity of PHAO-BM is much lower than that of PHAO although both samples have similar surface area and pore volume (see Table 1 ). In the case of PHAO-BM, diffusion of O 2 and HCHO molecules is difficult in the pores formed by the stacked nanosheets (see Fig. 4c ), and by poor Pt dispersion. These arguments further demonstrate that the hierarchically hollow spherical structure of the PHAO sample is important for enhancing catalytic activity towards HCHO oxidation.
In summary, hierarchically macro-mesoporous structured hollow spheres of Pt/c-Al 2 O 3 with open and accessible pores were synthesized and used for catalytic oxidative decomposition of HCHO at room temperature. The prepared catalyst possesses a high specific area, and an open and accessible pathway, and highly-dispersed Pt NPs. These features make this composite material become highly effective catalyst since the intradiffusion resistance is minimized and Pt NPs are easily accessible for reactive molecules. The hierarchically macro-mesoporous structured Pt/c-Al 2 O 3 composite catalyst showed higher catalytic activity than the available conventional nanoparticle supports, which is mainly due to its hierarchically macro-mesoporous structure facilitating diffusion of reactants and products, and the high dispersion of accessible catalytic Pt NPs. Considering the importance and diversity of noble-metal catalysts, this work contributes to the development of hierarchically structured materials and high-performance catalysts for indoor air purification and related catalytic processes.
Methods
Preparation of hierarchically macro-mesoporous structured c-Al 2 O 3 . In a typical synthesis, KAl(SO 4 ) 2 ?12H 2 O (1.66 g) and CO(NH 2 ) 2 (0.42 g) powders were dissolved in 60 ml of distilled water and stirred for 10 min. The solution was placed in a 100 ml autoclave with a Teflon liner. The autoclave was maintained at 170uC for 3 h and then air cooled to room temperature. After reaction, the pH value of the solution was ca. 9.5. The white precipitate was collected and washed with distilled water and anhydrous alcohol several times. The washed precipitate was dried in a vacuum at 80uC for 12 h to acquire hierarchically macro-mesoporous structured c-AlOOH. Then, hierarchically macro-mesoporous structured c-Al 2 O 3 was obtained by calcining c-AlOOH at 600uC for 2 h.
Preparation of hierarchical flower-like Pt/c-Al 2 O 3 catalysts. In a typical preparation, 1 g of c-Al 2 O 3 was added into an H 2 PtCl 6 solution (10 mL, 2.56 mmol/ L) under magnetic stirring. After impregnation for 1 h, 2.5 mL of NaBH 4 (0.1 mol/L) and NaOH (0.5 mol/L) mixed solution was quickly added into the suspension under vigorous stirring for 30 min. After reduction, the suspension was evaporated at 100uC under stirring. Finally, the samples were dried at 80 uC for 6 h. The nominal weight ratio of Pt to c-Al 2 O 3 was fixed to be 0.5 wt%. For the purpose of comparison, 0.5% Pt/c-Al 2 O 3 nanosheets (HAO was milled by a planetary ball mill in 10 mL ethanol for 1 h, HAO-BM) (denoted as PHAO-BM), 0.5% Pt/TiO 2 (P25, Degussa) catalyst (denoted as PTO) and 0.5% Pt/c-Al 2 O 3 (commercial Al 2 O 3 , Sinopharm Chemical Reagent Co., Ltd) catalyst (denoted as PAO) were also impregnated with Pt species and subjected to NaBH 4 -reduction. The real content of Pt in the catalysts measured by inductively coupled plasma atomic emission spectrometry (ICP-AES) was about 0.4 wt% (see Table 1 ).
Characterization. c-Al 2 O 3 and Pt/c-Al 2 O 3 samples were analyzed by a D/Max-RB X-ray diffractometer (Rigaku, Japan) with Cu K a radiation at a scan rate (2h) of 0.05u s
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. Scanning electron microscopy (SEM) imaging was performed on an S-4800 field emission SEM (FESEM, Hitachi, Japan) at an accelerating voltage of 10 kV. Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images were collected on a JEM-2100F microscope at an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were performed on VG ESCALAB210 with Mg Ka source. All binding energies (BE) were referenced to the C 1s peak at 285.0 eV of the surface adventitious carbon. The Brunauer-Emmett-Teller (BET) surface area (S BET ) of powders was evaluated from nitrogen adsorption data recorded by using a Micromeritics ASAP 2020 nitrogen adsorption apparatus (USA). All the samples were degassed at 180uC prior to nitrogen adsorption measurements. The BET surface area was determined by a multipoint method using adsorption data in the relative pressure (P/P 0 ) range of 0.05-0.3. The pore size distributions were determined using adsorption data by the Barrett-Joyner-Halenda (BJH) method. The single-point pore volume was obtained from nitrogen adsorption volume at the relative pressure of 0.97. The relation between the surface area, pore volume and pore width for cylindrical pore model was used to estimate the average value of the latter. The Fourier transform infrared spectroscopy (FTIR) spectrum of Al 2 O 3 was recorded on a Shimadzu IRAffinity-1 spectrometer using KBr pellets in the range of 4000-400 cm 21 region. Platinum dispersion was measured by H 2 chemisorption on a Micrometrics AutoChem 2920 Pulse Chemisorption System, using a thermal conductivity detector (TCD) to monitor H 2 consumption and assuming a H 2 :Pt 5 152 stoichiometric ratio. Prior to chemisorption, the catalyst was pretreated in flowing argon for 1 h at 200uC and then it was cooled down to ambient temperature. The chemisorption data were collected stepwise at 45uC. The platinum dispersion (D) was calculated from the H 2 chemisorption data using the following equation:
where V s is the volume of adsorbed gas (STP, standard temperature and pressure) (cm 3 ), F s is the stoichiometric factor, which is equal 2 for Pt, W s is the weight (g) of noble metal Pt, M is the molecular weight of Pt (g/mol) and V m is the ideal gas molar volume 5 22414 (cm 3 /mol).
Catalytic activity test. The room-temperature catalytic oxidation of HCHO was performed in a dark organic glass box covered by a layer of aluminum foil on its inner wall at 20uC. The experimental setup is shown in our previous work
